Appropriate optical and electronic components used in conjunction with an improved scintillator solution allow alpha liquid scintillation spectroscopy with an energy resolution of 200 to 300 keV and a background of 0.01 to 0.005 cpm. Liquid-liquid extraction procedures allow selective extraction of nuclides of interest directly into the scintillator. Applications to environmental samples are illustrated.
Introduction
Alpha counting by liquid scintillation methods and its inherent advantages of simple and easy sample preparation, l00% counting geometry, and elimination of sample self-absorption were recognized several years ago. 1-3 However, only limited use has been made of the technique, for several reasons. First, the alpha energy resolution obtainable with commercial equipment designed primarily for beta counting is poor, usually about 1 MeV full peak width at half maximum height (FWHM'). Although it has been shown possible to improve the energy resolution obtainable to 200 or 300 keV with appropriate optical and electronic arrangements, 1,2 parts of the needed equipment are not commercially available.
Second, the problem of quenching (i.e., reduction of the scintillator's light output) has prevented the use only alpha pulses has also been described in an earlier publication.7 Other similar arrangements may be used for pulse shape discrimination.
Reagents
Extractants that are combined with the scintillating agent to prepare the extractive scintillator need to be as highly purified as possible to minimize quenching effects. To date, di(2-ethylhexyl)phosphoric acid (HDEHP) has been the principal extractant used. As received from Union Carbide Chemicals, this material usually contains about l01o neutral impurities. Trhe light-coupling oil used in the de ettor was The detector shown in Fig. 2 was the result of a large number of experiments with various arrangements of sample, reflector, and phototube. Although we did not test all possible combinations, this simple configuration was found, in our work, to give the maximum pulse height and best pulse-height resolution.
It appears to us that a diffuse, white reflective surface approximating a section of a sphere appears to be important in obtaining good pulse height and energy resolution. We believe this is due to the nonuniformity of the photocathode of the detector. Such a reflector may integrate a flash of light from any portion of the sample over the entire tube face, thus averaging out any photocathode inconsistencies. Sources without a reflector give a much poorer pulseheight resolution, as also do sources backed by a specular reflector. Tests in which diffuse white reflectors of larger volume were used, with the sample located a greater distance from the photocathode, showed, at best, only marginally better energy resolution and were more cumbersome to handle. A direct comparison of the alpha energy resolution of our detector system (with our electronics) and of a commercial beta liquid scintillation counter may be seen in Fig. 3 .
In studies of aqueous metal complexation8 '9 it was found that incorporation of highly salted aqueous phases directly in a dioxane-base scintillator was not feasible. In contrast, extraction of the radionuclide from these aqueous phases into a scintillator containing a primary amine sulfate or an alkyl phosphoric acid allowed quantitative counting with a minimum of quenching. This work led to the development of the "extractive scintillator" and its use as the last step in the separation of the desired nuclides from interfering substances. Figure 4 shows the quenching in percent of maxi- the improved pulse-height response and the ability to use pulse shape discrimination provided by the improved scintillator system results in a much lower background. Reduction of background by pulse shape discrimination is an important factor in making liquid scintillation counting useful for environmental survey work. A block diagram of the components presently used in our pulse shape discrimination work is shown in Fig. 5 . Work is now underway in our laboratory to develop a simple-to-operate single-unit pulse shape discriminator. Such circuits measure the duration of each pulse and use the difference between the alpha-and the beta-produced pulses to identify the alpha pulses and gate the MCA for them only. With the use of pulse shape discrimination and the high-resolution liquid scintillation detector, a background of 0.01 cpm or lower is easily attained.
Bubbling a gas such as argon, methane, hydrogen, or carbon monoxide through the sample for 10 to 15 min effectively removes oxygen and eliminates oxygen quenching of the scintillator, thus improving the time separation of beta-gamma and alpha pulses. Figure 6 shows the time spectrum before and after such treatment. Figure 7 shows alpha energy spectra taken in the presence of a gamma source both with and without pulse shape discrimination. It is possible to eliminate > 99% of the beta-gamma-produced pulses in this way. Background without pulse shape discrimination is 1.0 cpm with a Pyrex sample tube and 0.3 cpm with a quartz sample tube. The minimum backgroLud obtainable under an alpha peak with a commercial beta liquid scintillation counter is about 5 cpm.
A toluene or xylene solution containing a single, efficient scintillator and nearly saturated with naphthalene has been found best for achieving maximum pulse height, energy resolution, and pulse shape discrimination. Of 12 commercially available scintillators tested, PBBO was shown to be the most effective.
Test of this counting method for use in analyzing both soil and water for plutonium5 6 have given excellent results. The basic separation procedure includes: (1) placing the sample in solution in a nitrate medium, (2) adjusting the plutonium valence to IV with ferrous sulfate followed by sodium nitrite, (3) extraction of the plutonium into 0.3 M tri-noctylamine nitrate, (4) stripping of the plutoniiun into 1.0 M perchloric acid, (5) removal of most of the perchloric acid by fusion in lithium perchlorate, and (6) dissolving the lithium perchlorate in water and extracting the plutonium into 0.5 to 1.5 ml of scintillator. This procedure requires about 45 min and separates plutonium cleanly from all other ions found in soil and water, including uranium and thorium. Greater than 99% of the soluble plutonium is usually recovered and counted. We are presently working on methods for analyzing plutonium in animal tissue and bone, and it is easy to modify the extraction procedure to recover almost any other alphaemitting nuclide. In many cases, it is desirable to use chemical separations such as solvent extraction, ion exchange, or precipitations to isolate the desired nuclides; in other cases, however, the 200-to 300-keV resolution available with this method allows more than one nuclide to be counted simultaneously. Although relatively new, the techniques of combined liquid scintillation--solvent extraction described above frequently offer attractive alternatives to established separation and counting methods. Sample preparation is usually simpler and more rapid than that associated with other methods, notably electroplating for surface barrier detector counting. System reproducibility, energy resolution, and background levels are approaching values that make the methods competitive in identifying and counting environmental samples. Continuing research promises even further improvements in the method. 
